The Lorentz Reciprocity Theorem and Range-Dependent Propagation Modeling
It ib t:derstood that the propagating medium must not change between the two transmission periods.
In the following sections, reciprocity is demonstrated in an inhomogeneous atmosphere utilizing a hybrid ray-optics/parabolic equation approach called the Radio Physical Optics (WO) model [8] . Richard A. Paulus 11. REFRACTIVE DATA Absstract-Modeling of electromagnetic propagation in the troposphere has been advanced in the last decade to the point where both the vertical and horizontal variation of refractlvity can be accommodated readily. A hybrid ray-optidparabolic equation model is utilized to predict propagation loss for a range-varying refractive structure to demonstrate the model obeys the Sommerfeld-Pfrang statement of the Lorentz Reciprocity Theorem.
I. INTRODUCTION
Many models have been developed for predicting radiowave propagation. Most of these models assume that the atmosphere is horizontally stratified and invariant in range. Hitney et al.
[l] discuss waveguide techniques and an integrated model based upon a combination of parameterized waveguide predictions for diffraction and ray-optics techniques for optical region calculations. The integrated model, called the Integrated Refractive Effects Prediction System (IREPS), has been used in the U.S. Navy for well over a decade [2] . Developments at Johns Hopkins University Applied Physics Laboratory [3] renewed interest in applying Fock's parabolic equation techniques [4] to solving tropospheric propagation problems. Interest in the parabolic equation approach is due to several advantages, including high-fidelity solutions in both the optical and diffraction region, computational efficiency due to Hardin and Tappert's splitstep Fourier method [5] , and the inherent capability to accommodate both the vertical and horizontal variation of the refractive structure.
In electromagnetic propagation work, reciprocity theorems have been applied in various forms. The most common application is for two-path propagation between a transmitter and receiver/target in the optical region; for mathematical convenience, the transmitter is assumed to be the lower of the two terminals [l, 61. Of particular interest for range-dependent propagation is the Sommerfeld-Pfrang statement of the Lorentz reciprocity theorem restated here from IfA1 and A2 are two antennas situated at 01 and 0 2 respectively and having arbitrary orientations, and signals are jirst sent from A1 and received by Az, and then sent with the same average power from A2 and received by A I , then the intensity and phase of the electric j e l d at the receiver A1 will be equal to that previously produced at Az, regardless of the electrical properties and geometry of the intervening media (water, land, or combinations of these, stratiJSed or otherwise inhomogeneous atmosphere, of any degree of ionization, etc.) and the forms of the antennas. The range-dependent refractive structure is one of the same days, 12 March 1948, used by Barrios [9] in her comparisons and comes from the data set collected during the Guadalupe Island experiment [lo] . The profiles are plotted in Fig. 1 and show a trapping layer slowly rising with range from 72 to 230 km. The resulting surfacebased duct near land transitions to an elevated duct downrange. Following Barrios, the profile measured at 72 km is also used to represent the refractive profile at range zero since no profile was measured there.
DEMONSTRATION OF RECIPROCITY
Lan and Tappert Hitney [8] calls the "flat-earth" and "ray-optics'' regions of his model which assume a homogeneous refractive structure. This has occurred because the lowest refractive gradient in the profiles at 0 and 230 km happens to be the same, 0.13 M/km. At ranges further than 35 km, the propagation loss varies by up to 50 db because of the range-dependent refractive structure. However, at the full 230 km U.S. terminal range, the predicted propagation loss is the nearly the same, within 0.8 dB. Similar behavior was observed for all of the 32 cases examined. reciprocity in an inhomogeneous medium. The propagation model was shown to predict equivalent signal levels at the terminals for various frequencies and terminal heights. This exercise is further verification and validation of the split-step parabolic equation model applied to radio propagation problems.
IV. SUMMARY
Range-varying refractive conditions over the ocean were used to examine the capability of a high-fidelity propagation model to predict 
I. INTRODUCTION
In modeling radiating structures some approximations are normally made. For instance, the feeds are assumed to be of fixed values; that is, the reflected field is normally neglected. In some cases, higher order field modes at the junction of the feed line and the radiating structure are neglected and only dominant ( E M ) mode is considered. To simplify the problem, cylindrical antennas are sometimes considered to be very thin. These approximations are normally made in accordance with the numerical method used.
In the method to be discussed below, there is no need to make any of these approximations. Moreover experimentally realizable configurations can be modeled directly in the time domain using the FEM. Apparently, very little work has been done to model 
II. PROBLEM FORMULATION
The foregoing analysis is applicable to any axisymmetrical radiating structure. In this problem configuration, the electric and magnetic fields together with the material properties, do not vary in the azimuthal direction but do so only in the axial and radial directions. Moreover the fields are functions of time and the excitation is such that the existing field components are E,,E, and H+ only. Using this fact, the Maxwell's curl equations with E eliminated, reduce to Manuscript received December 29, 1992; revised July 19, 1993.
